-Considering the coexistence of neuropeptide Y (NPY) and norepinephrine in perivascular sympathetic nerves and the known vasoconstrictor cooperation of NPY with norepinephrine, we investigated the involvement of NPY in long-term control of cardiovascular functions using NPY transgenic (NPY-tg) rats. These rats were developed by injection of the rat (Sprague-Dawley) pronuclei with a 14.5-kb clone of the rat structural NPY gene. When compared with nontransgenic littermates, NPY concentrations were significantly increased in a number of cardiovascular tissues of NPY-tg hemizygotes. Direct basal mean arterial pressure and heart rate were not changed, but calculated total vascular resistance was significantly increased in NPY-tg subjects. Arterial pressure increases, in response to norepinephrine injection, were greater in the NPY-tg rats. Also, the hypotension and bradycardia in response to hemorrhage were significantly reduced in NPY-tg subjects. These results indicate that NPY, when expressed in increased amounts, potentiates the pressor effects of norepinephrine and contributes to maintaining blood pressure during hemorrhage, but it does not alter resting blood pressure. These transgenic rats will facilitate studies of the role of NPY signaling in cardiovascular regulation, particularly regarding its functional cooperation with norepinephrine. vasoconstriction; cardiac output; adrenoceptors; hemorrhage; hypersensitivity NEUROPEPTIDE Y (NPY) is one the most abundantly expressed neuropeptides in the mammalian nervous system and the most highly conserved one discovered to date (46). Together with its receptors, this peptide is expressed in the group of neurons of the central and peripheral nervous systems involved in cardiovascular regulation, particularly in the sympathetic nerve fibers innervating arteries, veins, and the heart (15, 46). Characteristic features of this peptide are its presence along with norepinephrine in the same neuronal secretory vesicle of the sympathetic nerve terminals and its joint release with this neurotransmitter on nerve stimulation (15, 24). Exogenous NPY elicits strong endothelium-independent vasoconstriction and long-lasting pressor responses (4, 46). In addition to direct vasoconstriction, NPY potentiates the action of other vasoconstrictors, including norepinephrine, angiotensin, and vasopressin (4, 42, 43, 46) . Compared with normotensive rats, the concentrations of NPY in the cardiovascular tissues and the responsiveness of blood vessels to NPY are increased in the spontaneously hypertensive rat (44). In humans, higher circulating levels of NPY were reported in situations of increased blood pressure, including exercise or some forms of hypertension (40).
NEUROPEPTIDE Y (NPY) is one the most abundantly expressed neuropeptides in the mammalian nervous system and the most highly conserved one discovered to date (46) . Together with its receptors, this peptide is expressed in the group of neurons of the central and peripheral nervous systems involved in cardiovascular regulation, particularly in the sympathetic nerve fibers innervating arteries, veins, and the heart (15, 46) . Characteristic features of this peptide are its presence along with norepinephrine in the same neuronal secretory vesicle of the sympathetic nerve terminals and its joint release with this neurotransmitter on nerve stimulation (15, 24) . Exogenous NPY elicits strong endothelium-independent vasoconstriction and long-lasting pressor responses (4, 46) . In addition to direct vasoconstriction, NPY potentiates the action of other vasoconstrictors, including norepinephrine, angiotensin, and vasopressin (4, 42, 43, 46) . Compared with normotensive rats, the concentrations of NPY in the cardiovascular tissues and the responsiveness of blood vessels to NPY are increased in the spontaneously hypertensive rat (44) . In humans, higher circulating levels of NPY were reported in situations of increased blood pressure, including exercise or some forms of hypertension (40) .
Strong genetic evidence for the role of NPY in cardiovascular pathophysiology has also come to light, such as the observations that the NPY locus on chromosome four cosegregates with high blood pressure in the spontaneously hypertensive rat (18) and that the NPY gene polymorphism is associated with higher blood levels of cholesterol and low-density lipoprotein cholesterol in humans (17) . Further evidence for the role of this peptide in the control of vascular tone and its potential implication in the pathogenesis of hypertension and heart diseases have been reviewed at great length (46) . Nonetheless, the role of endogenous NPY in the long-term regulation of blood pressure and the mechanism of its interaction with norepinephrine in the vascular sympathetic nerves are not completely understood.
The cardiovascular consequences of chronic upregulation of the NPY gene have not been reported. With the increasing availability of a large number of cloned genes relevant to cardiovascular physiology, the transgenic animal approach is emerging as a very powerful tool that yields insights into cardiovascular physiology that could not otherwise be obtained (33) .
In the present study, we aimed to determine the role of endogenous NPY in the control of blood pressure regulation by the autonomic nervous system using a gene addition mutation approach in the rat. In particular, we intended to examine whether the apparent upregulation of NPY signaling in NPY transgenic (NPY-tg) rats would affect resting blood pressure as well as responsiveness to pressor doses of norepinephrine or to reflex sympathoexcitation via hemorrhage. Hemorrhage was chosen because it is a typical sympathoexcitation, during which peripheral sympathetic outflow is known to contribute significantly in maintaining blood pressure (14, 38) and during which NPY release from sympathetic nerve terminals is increased (30) .
We have chosen the rat species for in vivo gene addition mutation because the rat has been the species of choice for cardiovascular research and research on the biology of NPY and also because of the availability of diverse genetic and experimental models of hypertensive rats (33) . Therefore, the results obtained from these transgenic rats can be readily compared with the existing data obtained from the experiments in which rat models were used.
Our hypothesis was that endogenous NPY is a physiological neurotransmitter involved in maintaining vascular tone, enhancing pressor responsiveness to norepinephrine, and sustaining blood pressure during hypovolemic hemorrhage. Here, we report that increasing NPY signaling through genetic manipulation results in 1) increased total vascular resistance, 2) increased pressor responsiveness to norepinephrine, and 3) reduced hemorrhagic hypotension.
MATERIALS AND METHODS
This study was approved by the West Virginia University Committee on Animal Care and Use before the transgenic rats were developed. The rats were housed in a temperature (20-23°C)-and a light-dark cycle (12:12-h)-controlled room. They were provided Purina laboratory chow and water ad libitum.
NPY-tg rats were generated as previously described (27, 41) . The major goal of this experiment was to target the transgenic NPY expression to the physiological sites and at the same time ensure that the transgene expression was subjected to the same developmental and physiological regulation as its endogenous counterpart. For this reason, a 14.5-kb locus of the rat NPY gene (21) was used as a transgene (Fig. 1A) . It contained the rat NPY gene promoter, the coding sequences with four exons and introns as well as 5-and 1.5-kb fragments of the 5Ј and 3Ј regions of this gene, respectively. The identity of the cloned fragment was verified by restriction enzyme mapping, PCR amplification of several known fragments, and partial dideoxy-sequencing (Amersham) using primers located at three different locations of the known sequences of the NPY gene.
The egg donors were 6-to 8-wk-old Sprague-Dawley females mated with adult Sprague-Dawley males (Hilltop Laboratory Animals, Scottdale, PA). After the injection of pronuclei with the DNA solution, the eggs were transferred to the oviducts of pseudopregnant Sprague-Dawley females. Transgenic founders and their progeny were identified by Southern blot analysis (Fig. 1B) of tail DNA digested with the restriction enzyme EcoR I. The hybridization probe, a 0.97-kb fragment of the rat NPY sequence, was amplified by PCR. The primer-binding sites flanked portions of the first exon and of the 5Ј-untranslated region (377-1348 bp) of the rat NPY sequences (21) . The PCR product was labeled with psoralen-biotin for chemiluminescence detection using the Schleicher & Schuell kit (Schleicher & Schuell, Keene, NH). The hybridization signal from the endogenous NPY (13 kb) served as an internal control and was used to estimate the number of copies of the transgene in each line.
In this study, second generation (F2) of 3-to 5-mo-old NPY transgenic hemizygote males carrying five copies of the transgene (line no. 400) were used, except for the tail blood pressure experiment, in which males of the F1 generation from all six of the transgenic lines generated were tested. Similarly, the F2 generation of NPY-tg rats was used for analysis of concentrations of NPY in the tissues examined (see Fig. 2 ), in plasma (see Fig. 6C ), in the hypothalamus, and in the posterior pituitary. Skeletal muscles, adrenal glands, segments of the gastrointestinal tract, lungs, salivary gland, (21) and transgene used for pronuclear injection. Letter symbols represent restriction enzymes: E, Eco RI; B, Bgl II; C, Cla I; N and E, Not I and EcoR I in polylinker, respectively. Thick vertical and horizontal bars represent exons and hybridization probes, respectively. B: representative Southern blot showing the genotyping of the rats that developed from the microinjected eggs. Lanes 1 and 2: DNA from the plasmid containing the NPY gene. The visible 10-and 18-kb bands were released from the plasmid by its digestion with EcoR I and Cla I restriction enzymes, respectively. Lanes 3-5: DNA from a wild-type rat negative for the transgene. No hybridization signal was detected in undigested DNA (lane 3, control). The visible 13-kb band in lane 4 is the expected EcoR I fragment from the endogenous rat NPY. DNA treated with Cla I produced no hybridization signal (lane 5). The lack of any hybridization signal in lane 5 could be due to the difficulties of digestion of rat DNA with this restriction enzyme. Lanes 6-8: DNA from NPY-tg rat representing line no. 400. No hybridization signal was detected in undigested transgenic DNA in lane 6 (control). In lane 7, the expected 13-and 10-kb bands are visible. These two signals correspond to EcoR I fragments contained within the rat genomic locus and the transgene, respectively. In lane 8, transgenic DNA digested with Cla I restriction enzyme (a single transgene cutter) resulted in the expected 14.5-kb band (not present in wild-type animals).
and spleen were only tested in animals from the F1 generation.
In each experiment, nontransgenic littermates were used as controls. Because siblings have a very similar genetic background, the utilization of nontransgenic littermates as controls significantly enhances the precision of the observations.
Analysis of transgene expression. Tissue concentrations of NPY were measured using a specific antiserum and radioimmunoassays as previously described (5, 25, 26) . For dissection of tissues, rats were anesthetized with pentobarbital sodium injection and perfused with saline via the left cardiac ventricle. For dissection of the hypothalamic areas, the brains were quickly removed, frozen on dry ice in isopentane, and stored at Ϫ80°C. Serial sections of 300 m were cut, and discrete brain areas were microdissected. The landmarks for this dissection were derived from an atlas of the rat brain (34) . Total protein content in brain samples was determined by the bicinchoninic acid protein assay (Pierce, Rockford, IL). NPY distribution in the coronal sections of the brain was determined by immunocytochemistry using the indirect peroxidase-antiperoxidase technique as described in detail (39) . Blood samples were collected from conscious rats using chronic vascular catheters dispensing to ice-cold tubes containing 0.5 trypsin-inhibitory unit of aprotinin and 10 IU of heparin. Plasma was immediately separated by centrifugation (14,000 g, 4°C, 15 min) and stored at Ϫ70°C until assayed. This protocol has been reported to provide plateletfree plasma and to prevent NPY release from the platelets (46) .
Direct blood pressure measurement. Direct systolic and diastolic arterial blood pressures and heart rates were measured in resting, unrestrained, and conscious rats using a chronic arterial catheter. For implantation of a catheter, the rat was anesthetized with pentobarbital sodium (50 mg/kg ip). With the use of a sterile technique, polyurethane tubing (0.033 in. OD and 0.014 in. ID, Micro-Renathane, Braintree Scientific, Braintree, MA) was inserted into the lower abdominal aorta through the femoral artery. At the same time, another catheter was inserted into the inferior vena cava via the femoral vein for the administration of drugs. Both catheters were then exteriorized at the back of the neck, filled with a mixture of heparin (100 U/ml), dextrose (50%), and penicillin G (1,000 U/ml) in saline, secured with a silk suture, and plugged with a piece of fish line. During the 3-to 4-day recovery period, the animals were housed individually with food and water ad libitum. To adapt the animals to the experimental conditions, the rats were brought to the laboratory in their home cages for 3-4 h every day. At that time, their vascular catheters were flushed with heparinized dextrose solution. All rats appeared to be in good health and were moving freely at the time of study. On the day of experiment, 2 h before recordings, the rats were moved into the laboratory in their plastic home cages. The catheters were connected to tubing extensions that permitted the recording of arterial blood pressures, blood sample withdrawal, or drug infusion without restraining or otherwise disturbing the rat. Each animal was allowed an additional 30-min adaptation period between the time the catheter extensions were connected and data collection began. Food and water were not available while the rat was in the recording cage. The arterial catheter was connected to a pressure transducer coupled to a computerized cardiovascular continuous monitoring system (BPA-100, Micro-Med, Lexington, KY). This system allowed measurement and storage of systolic, diastolic, mean arterial blood pressures, and heart rates from two rats simultaneously. Transgenic and nontransgenic littermates were measured at the same time.
Cardiac output and total peripheral vascular resistance. Cardiac output was determined in anesthetized rats by the indicator-dilution method with a thermodilution technique. The change in temperature detected by the thermocouple probe was recorded continuously against time, and cardiac output was determined using a computerized Cardiomax III (Columbus Instruments, Columbus, OH). The animals were anesthetized with pentobarbital sodium (50 mg/kg ip). During the cardiac-output measurements, the depth of anesthesia was controlled by checking the pedal spinal reflex. If necessary, the animals received an additional injection (intraperitoneally) of pentobarbital sodium. To maintain airway patency, a PE-200 cannula was placed in the trachea through which the animals were breathing spontaneously. A polyurethane tubing (0.033 in. OD and 0.014 in. ID, Micro-Renathane, Braintree Scientific) was inserted into the right jugular vein, and the catheter was advanced into the right atrium for rapid injection of saline to produce thermodilution curves. The thermodilution microprobe (Columbus Instruments, Columbus, OH) was inserted into the left carotid artery, and its tip was advanced to the aortic arch to come into contact with free blood flow and to record the temperature of the blood at that site. At the same time, a 0.033 in. OD and 0.014 in. ID Micro-Renathane catheter was inserted into the abdominal aorta through the femoral artery for measurements of arterial blood pressure and heart rate. The microprobe location was inspected by the analysis of the shapes of thermodilution curves. Once the correct placement of the thermodilution probe was ascertained and when the aortic blood temperature of the rat was at least 36°C, a bolus of 140 l of physiological saline of a known temperature (18-19°C) was rapidly injected into the right atrium via the jugular catheter. Six thermodilution curves were obtained at 2-min intervals. The results from the first injection were discarded to allow for possible artifacts from temperature transfer across the catheter, and then the mean value of the five subsequent injections was taken as the measure of cardiac output. Coefficient of variation of the repeated cardiac measures was 0.034 Ϯ 0.004 (SE, n ϭ 12). Cardiac output was evaluated as the cardiac index, which is the cardiac output divided by the body mass (ml ⅐ min Ϫ1 ⅐ kg Ϫ1 ). Stroke volume index was calculated by dividing the stroke volume by the body mass of the rat (ml ⅐ beat Ϫ1 ⅐ kg Ϫ1 ). Total vascular resistance index was calculated by dividing mean blood pressure (obtained at the same time) by cardiac output and by body mass (mmHg ⅐ g Ϫ1 ⅐ min Ϫ1 ⅐ ml Ϫ1 ). Tail-cuff measurement of systolic blood pressure in conscious rats. Caudal artery systolic blood pressure was measured in conscious, restrained rats by the tail-cuff method using a computerized system (model 631, IITC, Woodland Hills, CA). Three transgenic and three control rats restrained in the holders were placed in the temperature-controlled chamber at 28.5°C at the same time. Blood pressure readings were obtained by averaging values from five consecutive readings taken on the fourth day after the 3-day training.
Pressor responsiveness to norepinephrine. Conscious, freely moving males with chronic arterial and femoral catheters were used in this experiment. Treatment and blood pressure recordings were performed on an NPY-tg and nontransgenic littermate at the same time using the blood pressure monitoring system described earlier. After 40 min of basal blood pressure recording, boluses of increasing doses of norepinephrine (Bitartrate salt, Sigma Chemical, St. Louis, MO) in 0.2 ml/kg saline containing citric acid (mg/ml, to prevent oxidation of norepinephrine) were administered into the femoral vein catheter at 20-to 30-min intervals, allowing complete dissipation of the preceding response. The increase in mean arterial pressure from the prestimulatory values was calculated for each dose of norepinephrine and expressed as a percentage of the maximal pressor response. The maximal pressor response was defined for each rat as the first highest mean arterial pressure response at the beginning of the plateau portion of the response curve. The dose-response curves for both groups of animals were constructed by plotting the mean arterial pressure increases against the logarithm of incremental norepinephrine doses.
The norepinephrine concentration values that produced the half-maximal blood pressure response (ED 50) for each rat were calculated from the regression function between the logarithm of the molar concentration of norepinephrine and the mean arterial pressure response. The values between 20 and 80% of maximum response were used for this calculation.
Hemorrhage. Experiments were performed in conscious rats at least 3 days after the catheter implantation. All experiments began in the afternoon, with the first blood pressure recording started between 1400 and 1500. After 40 min of basal blood pressure and heart rate recordings, the rats were hemorrhaged by removing 1.3% body weight of blood over a period of 5-7 min from the chronic femoral artery catheter. The first and last portions of 1.5 ml of blood were saved as blood samples for NPY assays at basal and posthemorrhage states, respectively. Thereafter, blood pressure and heart rate were continuously recorded for 20 min.
RESULTS

General appearance of NPY-tg rats and transgene overexpression pattern.
The six transgenic lines generated had approximately 1, 2, 3, 5, 10, and 24 copies of the NPY transgene. Male offspring of a male founder (designated no. 400) that carried five copies of the transgene were selected for this study (Fig. 1B) . Transgenic animals with two to five copies of the transgene are optimal for most purposes (35) . When crossed with wild-type (Sprague-Dawley) females (Hilltop Laboratory Animals), this male passed the transgene to 50.5% (109 of 216) of its offspring. Southern analysis (Fig. 1B) of the DNA from the animals of this transgenic line digested with the Cla I restriction enzyme (a single transgene cutter) demonstrated the expected 14.5-kb band (not present in wild-type animals), indicating that the incorporated transgene was intact. Transgenic rats of this line reproduced normally, giving 12-15 pups per litter. No developmental abnormalities or reduced longevity were observed in these mutant rats. Altogether, these results indicate that in this line, the entire molecule of the transgene was stably integrated within the rat genome, the transgene was transmitted to the next generation in a Mendelian pattern, and there was no embryonic death among the transgenics.
At 16-36 wk of age, the body weights of the F1 generation of these NPY-tg males were ϳ7.6 Ϯ 0.1-9.7 Ϯ 0.3% higher than in nontransgenic littermates (P Ͻ 0.05). However, the F2 generation of these transgenic males did not differ from the nontransgenic littermates (Table 1 ). This discrepancy could be due to the particular genetic makeup of the founder not specifically related to the transgene. Nonetheless, the increased vascular resistance, enhanced pressure responsiveness to norepinephrine, reduced hemorrhagic hypotension, or the higher concentrations of NPY in a number of examined tissues reported here were consistently observed in the F2 generations of these NPY-tg males.
NPY concentrations in the heart, kidney, lungs, salivary gland, and the spleen of transgenic males were significantly (P Ͻ 0.05) higher than in the tissues of nontransgenic littermates (Fig. 2) . Importantly, significantly higher NPY concentrations were also detected in the extracts from a number of blood vessels in the transgenic animals, including the common iliac artery and vein, iliolumbar artery, and celiac artery. In addition, compared with nontransgenic littermates, NPY concentrations were also significantly (P Ͻ 0.05) higher in the extracts from the transgenic hypothalamic paraventricular nucleus, the supraoptic nucleus, or the posterior pituitary (36.1%, 168.6%, or 27.6% higher, respectively). There were no differences in NPY concentrations between NPY-tg and nontransgenic littermates in the extracts from skeletal muscles, adrenal glands, or from segments of the gastrointestinal tract, the abdominal aorta, femoral artery and vein, carotid artery, or jugular vein.
Examination of coronal brain sections using immunocytochemistry with a specific NPY antiserum revealed that in the NPY-tg rats, NPY was detected in the same areas as those observed in nontransgenic littermates. These areas included the paraventricular nucleus, arcuate nucleus, suprachiasmatic nucleus, supraoptic nucleus, and the hippocampus. Furthermore, no site of ectopic NPY expression was observed in these transgenic animals (data not shown).
Direct arterial and tail blood pressures, cardiac output, and total peripheral resistance in NPY-tg rats. Direct systolic, diastolic, and mean arterial blood pressures, heart rates, and cardiac outputs did not differ between NPY-tg and nontransgenic littermates (Table  1 and Fig. 3 ). On the other hand, the calculated total vascular resistance was significantly higher in NPY-tg rats than in nontransgenic littermates (Fig. 3) .
Indirect tail blood pressure was determined in the six transgenic lines generated (Fig. 4A) . When compared with nontransgenic littermates, the tail blood pressures of the NPY-tg males representing the four of transgenic lines carrying three or more copies of the NPY transgene were significantly higher (P Ͻ 0.05). Whereas the tail blood pressures were not changed in the NPY-tg males of the two lines carrying only one or two copies of the transgene. In the males of line number 400, tail blood pressures were repeatedly measured at four age intervals (Fig. 4B ). In these transgenic males, increased tail blood pressures were consistently maintained throughout the test period at 6, 12, 44, and 60 wk of age.
Pressor response to norepinephrine. Intravenous administration of increasing doses of norepinephrine resulted in elevated mean arterial pressure both in NPY-tg and nontransgenics (Fig. 5A) . However, there was a significant leftward shift in mean arterial pressure responses to increasing doses of norepinephrine in NPY-tg animals (P Ͻ 0.05). Accordingly, the norepinephrine dose that produced ED 50 was significantly lower (P Ͻ 0.05) in NPY-tg than in nontransgenic littermates (1.8 vs. 4.0 nmol/kg, respectively; Fig. 5B ). The maximal mean arterial pressure response to the highest dose of norepinephrine used in this experiment did not differ between the groups (183.6 Ϯ 3.4 vs. 184.6 Ϯ 2.6 mmHg in control vs. NPY-tg, respectively). Heart rate responses to increasing doses of norepinephrine were not different between the genotypes (Fig. 5C ). This experiment was performed separately on the F1 and F2 generations of NPY-tg rats with very similar results. The results from the experiment using the F2 generation of animals are presented here. The norepinephrine ED 50 values of the first generation were strikingly similar to those of the second (2.5 Ϯ 0.2 and 4.6 Ϯ 0.6 nmol/kg, P Ͻ 0.05, for transgenic and wild-type genotypes, respectively).
To evaluate the potential contribution of cardiac output to the higher pressor response in the NPY-tg rats, cardiac output responses to exogenous norepinephrine were measured in these rats. In this experiment, cardiac output was measured during a continuous intravenous infusion of norepinephrine (3.0 nmol ⅐ kg Ϫ1 ⅐ s Ϫ1 ). This dose produced approximately a half-maximal pressor response. An increase in cardiac output of nearly 10% occurred in both groups of animals during norepinephrine infusion with no significant difference between the genotypes (415.5 Ϯ 14.7 vs. 402.4 Ϯ 14.4 mmHg ⅐ ml ⅐ min Ϫ1 ⅐ g Ϫ1 , n ϭ 14, in control vs. NPY-tg rats, respectively).
Cardiovascular responses to hemorrhage. Experimental bleeding (1.3% of body wt) caused a significant reduction in mean arterial pressure in both groups of animals (Fig. 6A) . However, the hemorrhagic hypotension was more profound (P Ͻ 0.05) in the nontransgenic littermates. The blood pressure in this group decreased by 62.2 Ϯ 3.8 mmHg compared with 33.6 Ϯ 9.3 mmHg reduction in NPY-tg rats. In both groups, the maximum decrease in mean arterial pressure occurred ϳ1-2 min after cessation of the blood withdrawal and then started to return to basal levels. However, the slopes of blood pressure recovery curves were significantly (P Ͻ 0.05) higher in control rats (2.1 Ϯ 0.4 vs. 1.1 Ϯ 0.2 mmHg/min), indicating that the wild-type animals recovered at a faster rate than the transgenics. Similar to the observed decrease in blood pressures, the decrease in heart rates after the blood loss was significantly reduced (P Ͻ 0.05) in NPY-tg compared with nontransgenic controls (Fig. 6B) . This experiment was performed separately on the F1 and F2 generations of NPY-tg rats with very similar results. The results from the experiment using the F2 generation animals are presented here. In the F1 generation, blood pressures after hemorrhage decreased by 69.4 Ϯ 8.9 and 46.4 Ϯ 6.4 mmHg (P Ͻ 0.05) in wild-type and transgenic rats, respectively.
The two genotypes differed significantly regarding the circulating NPY responses to hemorrhage (Fig.  6C ). In the basal state, plasma levels of NPY were not different between NPY-tg and nontransgenic littermates, and the circulating levels of NPY after blood loss were increased in both groups. However, plasma NPY levels after hemorrhage were significantly higher in transgenic rats than in wild-type animals (P Ͻ 0.05). , and heart rate responses to increasing doses of norepinephrine (C) in NPY-tg and wild-type rats. Two-way ANOVA with repeated measures and subsequent all pairwise multiple comparison (Tukey's test) were used to evaluate the difference in the pressor responses between the genotypes for each dose of the agonist. The pressor response curves of the 2 genotypes were significantly different [F(1,13) ϭ 25.8, P Ͻ 0.05]. *Statistically significant difference between the genotypes in pressure response to the respective dose of norepinephrine (P Ͻ 0.05). The value of the dose of norepinephrine required to give an ED50 was calculated for each rat from the regression lines of the relationship between the agonist concentration and the %maximum mean BP response. The values between 20 and 80% of maximum response were used for this calculation. The norepinephrine ED50 values for NPY-tg rats were significantly lower than those for nontransgenic littermates (P Ͻ 0.05, by unpaired Student's t-test). Fig. 6 . Comparison of changes in mean arterial blood pressure (A), heart rate (B), and plasma levels of NPY (C) after hemorrhage in NPY-tg and wild-type rats. Time "0" denotes the time after the completion of bleeding. In each rat, it took between 5 and 7 min to remove 1.3% (volume/body wt) of blood. *Statistically significant (P Ͻ 0.05) difference between the genotypes in blood pressures and heart rates (by 2-way ANOVA). Plasma levels of NPY in basal condition and after hemorrhage were measured in blood samples collected from the first and the last 1.5-ml fractions of the experimental bleeding, respectively. The effect of hemorrhage on circulating NPY in each genotype was compared by 2-way ANOVA with Newman-Keuls post hoc test. *Significantly higher (P Ͻ 0.05) plasma levels of NPY in NPY-tg rats after bleeding when compared either with wild-type rats after bleeding or with transgenic rats before bleeding.
DISCUSSION
General appearance of NPY-tg rats and transgene expression pattern. Body weights of the NPY-tg rats were similar to those of the nontransgenic littermates. Thus, in the light of well-substantiated evidence of NPY involvement in controlling energy accumulation (7), it was surprising to find that body weights were unaffected in NPY-tg males. This finding may indicate that there are compensatory changes in other transmitter systems that mask the impact of elevations of NPY levels. It is also possible that the transgenic animals did not produce additional NPY at physiologically relevant sites or that chronically elevated NPY does not have the impact on physiological functions as single, large doses of exogenous peptide do. This remains to be studied in more detail, and our observation does not contradict the extensive evidence linking NPY to metabolic functions (7) . The lack of profound effects of NPY on body weight and development was also observed in NPY knockout mice, in which there was an absence of NPY expression in physiologically important locations (8) .
Our observation of the higher concentrations of NPY in a number of visceral organs, small blood vessels, and brain centers that normally express this peptide (15, 46) suggests that in the NPY-tg subjects, overexpression of NPY was indeed targeted to the NPY neurons involved in controlling blood pressure, including the nerve fibers contacting small arteries, which greatly contribute to peripheral resistance (9, 31). The higher circulating levels of NPY in the transgenic rats after hemorrhage indicate that the transgene expression was regulated in a manner similar to that of endogenous NPY. The lack of NPY overexpression in some tissues, including the skeletal muscles, larger blood vessels, or in the adrenal glands, was surprising. This could be related to the size of the samples from some organs being too small or to a particularly tight regulation of NPY expression in some other organs.
Arterial blood pressure. Resting blood pressure was not changed in NPY-tg rats. Thus the present finding suggests that NPY apparently does not contribute significantly to maintaining resting blood pressure. This observation was unexpected in the light of the reported potent vasoconstrictor activity of exogenous NPY (4, 42, 46) . On the other hand, this observation is in agreement with the report that administration of the Y 1 selective antagonist does not alter resting blood pressure in normotensive animals (6) . It could be that the potential pressor action of genetically increased NPY was masked by counteracting adaptive mechanisms involving, for example, the baroreceptor reflex and reduced cardiac output. Exogenous NPY has been reported to increase baroreflex sensitivity (20, 29) .
Total vascular resistance was significantly increased in the NPY-tg rats. The increased blood vessel tone in the NPY-tg rats was most likely related to a direct vasoconstrictor effect of transgenic NPY, as evidenced by the higher NPY concentrations in a number of organs and small blood vessels of these transgenic rats.
Nonetheless, we cannot exclude the possibility that the higher vascular resistance in the transgenic rats was due to a lower cardiac output. NPY has been demonstrated to decrease cardiac contractility through reduction of ␤-adrenergic signaling in the rat cardiomyocytes (28) . One caveat of this study was that the cardiac outputs were measured in animals anesthetized with pentobarbital sodium. However, we have no evidence indicating that pentobarbital anesthesia interacts with NPY to inhibit cardiac function to a greater degree in the transgenic rats than it does in wild-type rats. The present finding of increased total vascular resistance in NPY-tg rats is consistent with the reported pressor activity of exogenous NPY (4, (42) (43) (44) (45) (46) , with the reduced hemorrhagic hypotension in these subjects, as well as with our previous reports of alternations in blood flows in a number of organs after treatment with NPY or with NPY antiserum (5, 26) . In those experiments, blood flows were also measured in pentobarbital-anesthetized rats. Altogether, the increased vascular resistance in NPY-tg rats with genetic upregulation of NPY in the cardiovascular system supports the view of the physiological importance of endogenous NPY in the regulation of the blood vessel tone.
In the light of unchanged direct systolic arterial pressure, the higher tail blood pressures in the NPY-tg may reflect an increased pressor responsiveness of these rats to some forms of stress. Tail blood pressure determination involves restraining the animals, increased ambient temperature, as well as probable pain induced by sudden tail occlusion by the cuff. The higher tail blood pressure in NPY-tg rats is consistent with the increased total vascular resistance and the enhanced pressor responsiveness to norepinephrine observed in these rats. Others have also reported higher tail blood pressures in the spontaneously hypertensive rats and diabetic rats compared with direct blood pressures (3, 10, 19) . In the experiment reported here, the fact that the higher tail blood pressures were observed in more than one NPY transgenic line of rats and actually only in the lines having more than two copies of the transgene, is important for the validation of this model because it confirms that the increased tail blood pressure in NPY-tg rats was specific to the transgene product and not due to transgene integration site artifacts.
Increased pressor response to norepinephrine. Pressor responsiveness to norepinephrine was significantly increased in NPY-tg rats. Most likely, increased cardiac output did not contribute to this effect, because these two genotypes clearly did not differ regarding cardiac output and bradycardia responses to norepinephrine. This suggestion is further supported by the findings of others demonstrating that cardiac output does not seem to contribute significantly to norepinephrine-induced blood pressure increases, at least when moderate doses of the agonist are administered (13, 23) . Thus our result suggests that genetic upregulation of NPY enhances ␣-adrenoceptor sensitivity occurring most likely at the neurovascular synapse.
These in vivo genetic data corroborate the previous in vitro (isolated blood vessels) and in vivo (rat) findings, where acutely administered NPY, by interacting with ␣-adrenergic transmission, enhanced vasoconstriction induced by sympathetic nerve stimulation or by exogenous norepinephrine (4, (42) (43) (44) 46) . A similar increase in vasoconstrictor responsiveness to norepinephrine has been reported in a number of situations including sympathetic denervation or treatment with adrenergic antagonists, in spontaneously hypertensive rats, diabetes, or in hypertrophy of vascular smooth muscles (1, 11, 32) .
The mechanism regulating enhanced sensitivity of adrenergic receptors in this rat model, in which NPY overexpression is genetically targeted to the sympathetic neurons, most likely involves the action of excess NPY at both presynaptic and postsynaptic sites. Acting presynaptically, transgenic NPY could reduce norepinephrine release from the peripheral nerve endings (42) (43) (44) 46) . This, in turn, could lead to the enhanced adrenoceptor sensitivity (32) . Acting postsynaptically, transgenic NPY could enhance ␣-adrenergic signaling by increasing the accumulation of transducer proteins in the vascular smooth muscles. This is a very likely possibility, because, as members of the G protein-coupled receptor family, the vascular NPY receptors share postreceptor signaling pathways with ␣-adrenoceptors (42) (43) (44) 46) . Importantly, a similar postreceptor mechanism has been suggested to explain the enhanced vascular responsiveness to norepinephrine in diabetic rats (1) .
Reduced hemorrhage-induced hypotension. NPY has been suggested to be involved in the compensatory response of the cardiovascular system to hemorrhagic hypotension (30, 37, 46) . In NPY-tg rats, together with increased concentrations of NPY in a number of small blood vessels and organs, plasma levels of this peptide after hemorrhage were also higher than in the wild type. At the same time, hemorrhagic hypotension and bradycardia were significantly reduced in the NPY-tg rats. The faster rates of blood pressure recovery in the control animals could be related to the more dramatic drop in blood pressures in these animals. The more severe hemorrhagic hypotension in control animals could have triggered some additional compensatory mechanism that was not engaged in the NPY-tg rats. The present data suggest that the reduced hemorrhagic hypotension in NPY-tg rats was due to the increased NPY release and, thereby, provide direct evidence that endogenous NPY participates in the physiological reflex mechanism maintaining blood pressure in an acute hypovolemic state.
The mechanism producing this effect could involve the action of transgenic NPY both peripherally and in the central nervous system itself. Acting peripherally, NPY could have stimulated vasoconstriction directly via its own vascular receptors or indirectly by enhancing vascular responsiveness to other endogenous vasoconstrictors including norepinephrine, vasopressin, and angiotensin II (42) (43) (44) (45) (46) . The reduced hemorrhagic hypotension in NPY-tg rats could also be attributed to the action of the excess NPY in the central nervous system. Hemorrhage has been shown to activate groups of neurons in several cardiovascular regions of the brain, which, at the same time, are either the sources or the targets of brain NPY-ergic innervation (2, 15) . Because the transgene presumably contained all the regulatory elements of the rat NPY gene and because hemorrhage-induced plasma levels of NPY were significantly higher in the NPY-tg subjects, it is very likely that NPY overexpression had also occurred in the centers important in cardiovascular adaptation to blood loss. In view of the higher concentrations of NPY in the "vasopressinergic areas" of these NPY-tg rats, including the paraventricular nucleus, supraoptic nucleus, and the posterior pituitary, it is conceivable that central hemodynamic effects of transgenic NPY involved the interaction of NPY with the vasopressinergic signaling system. Vasopressin is known to contribute to maintaining arterial blood pressure after hemorrhage (12) , and NPY has been demonstrated to have anatomical connections and stimulatory functional interactions with this neurohormone (16, 22, 43, 44, 46) .
The less pronounced drop in the heart rates together with the reduced hypotension after hemorrhage observed in NPY-tg rats suggest that upregulation of NPY resulted in increased baroreflex sensitivity. Arterial baroreceptor reflexes elicit short-term control over blood pressure after hemorrhage in the rat by increasing peripheral vascular tone and cardiac performance via autonomic effectors (38) . NPY is expressed in the groups of neurons of the baroreflex arc (15) . Likewise, administration of NPY either systemically or locally (into the nucleus tractus solitarius) increases the sensitivity of the aortic baroreceptor reflex in the rat (20, 29, 36) . The present finding suggests that, by means of modifying baroreflex function, endogenous NPY is involved in cardiovascular responses that preserve cardiac output and blood pressure in hypovolemic states.
Similar mechanisms to those observed after hemorrhage may operate during situations of vascular insensitivity to norepinephrine, e.g., in toxemia, fainting, vaso-vagal, or neurocardiogenic syncope. If so, specific NPY-receptor agonists may prove useful for the management of traumas accompanied by blood loss or in the treatment of those who suffer recurrent syncopal episodes of this type.
In conclusion, we report two major findings in the present study. First, a genetically caused increase in expression of NPY in transgenic rats did not affect resting blood pressure, but it increased total vascular resistance and enhanced blood pressure responsiveness to norepinephrine. Second, genetically upregulated NPY played an important role in the spontaneous recovery of blood pressure after acute hypotensive hemorrhage, which is a specific hypovolemic state known to involve sympathetic nervous system activity. Altogether, these results provide direct genetic evidence that endogenous NPY is an important regulator of blood vessel tone and shed new light on the functional cooperation between NPY and other neurotrans-mitters in signal transmission to the cardiovascular system.
The NPY-tg rats described here provide a good opportunity to study the involvement of endogenous NPY in long-term regulation of cardiovascular functions. Furthermore, when combined with specific NPY-receptor antagonists, this model will be particularly useful for the study of the physiological functions of the novel NPY receptors.
Perspectives
It has been difficult to establish a physiological role for endogenous NPY in cardiovascular regulation, because this peptide is expressed in numerous areas of the nervous system and it acts through many types of receptors. Transgenic approaches offer an attractive model for such studies. The transgene in the present model is designed to assure excess NPY release in the locations and at the times the body requires it. Years of study of NPY indicate that this peptide is poised to regulate excitability in extreme physiological circumstances such as chronic stress, heart failure, epileptogenesis, or stroke. For this reason and also because of the model's feature described above, the NPY-overexpressing rats may provide a useful model for the longitudinal studies of the interaction between NPY and other signaling molecules in a number of physiological and disease models.
The observed cardiovascular phenotypes in the NPY-tg rats are suggestive of reduced norepinephrine release. This indicates that coexisting with norepinephrine in the nerve terminals NPY may function as a buffering system for catecholamine release. This action could be particularly important in situations of chronic excessive release of norepinephrine. Such buffering action may protect cardiovascular and neuronal tissues from the adverse effect of excess norepinephrine. In combination with previously reported anticonvulsant and memory effects, such a buffering action of NPY could be expected to be involved in glutamatergic signaling. This gives rise to an attractive and verifiable hypothesis that genetic deficiencies in NPY signaling may be underlying causative factors in the etiology of some forms of hypertension, heart failure, stroke, or epilepsy and that targeting NPY receptors with specific agonists or antagonists can offer new possibilities for therapeutic interventions to treat these diseases.
